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Prechordal plateentral specialization of the caudal hypothalamus, lies close to the transition
between epichordal and prechordal parts of the forebrain (Puelles and Rubenstein, 2003). This report
examines its presumed causal connection with either prechordal or notochordal mesodermal induction, as
well as the timing of its speciﬁcation, in the context of early ventral forebrain patterning. It was recently
found that the ephrin receptor gene EphA7 is selectively expressed in the mammillary pouch from early
stages of development (HH14: García-Calero et al., 2006). We used mammillary EphA7 expression as well as
ventral hypothalamic expression of the gene markers Nkx2.1 and Shh to analyze experimental effects on
mammillary speciﬁcation and morphogenesis after axial mesoderm ablation at stages HH4+ to HH6.
Progressively delayed ablation of the prechordal plate revealed its sequential implication in molecular
speciﬁcation of the entire ventral forebrain, including the mammillary and tuberal regions of the
hypothalamus. We observed differential contact requirements for induction by the prechordal plate of all
the forebrain regions expressing Shh and Nkx2.1, including distant subpallial ones. In contrast, ablation of the
anterior notochordal tip at these stages did not elicit signiﬁcant patterning changes, particularly no effects on
mammillary EphA7 expression or mammillary pouch development.
© 2008 Elsevier Inc. All rights reserved.Introduction
The mammillary complex, formed by the mammillary nuclei and
the retromammillary area, is awell known caudoventral hypothalamic
specialization located between the prethalamic diencephalic tegmen-
tum and the tuberal hypothalamic area (Puelles and Rubenstein, 2003;
Puelles et al., 2004, 2007). In mammals, this area forms the protruding
mammillary bodies. These receive bilaterally the hippocampal fornix
tract and the mammillary peduncle coming from the hindbrain.
Mammillary output courses via the mammillotegmental tract, along
the diencephalic and midbrain basal plate, into the dorsal and ventral
tegmental nuclei (in rhombomere 1). This tract sends collaterals to the
anterior thalamic nuclei via the mammillothalamic tract. Retro-
mammillary cells are known to project to the hippocampus in
mammals (Amaral and Cowan, 1980), and the retromammillary area
is the source of the tangentially migrating subthalamic nucleus (Jiao et
al., 2000). These connections have not been clearly established in birds
(particularly the mammillothalamic collaterals), although mammil-
lary, premammillary, retromammillary and subthalamic nuclei are
recognizable, suggesting existence of a ﬁeld-homologous complexH-CSIC, Campus de San Juan,
l rights reserved.(Crosby and Showers,1969; Dubbeldam,1997; Jiao et al., 2000; Puelles
et al., 2007). There are no experimental studies analyzing selectively
the early development of the mammillary formation in comparison
with the rest of hypothalamus. Pera and Kessel (1997) and Patten et al.
(2003) nevertheless characterized a predominant role of the pre-
chordal plate in induction of forebrain ﬂoor plate domains. However,
they studied chick embryos at stages HH8 (Patten et al., 2003) or HH11
(Pera and Kessel, 1997), when themammillary region is not yet overtly
developed, so they did not derive any conclusions on possible speciﬁc
prechordal effects on it.
The lack of early selective markers for prospective mammillary
nuclei was partly solved by recent discovery that the ephrin receptor
EphA7 is expressed in chick embryos from stage HH14 onwards in a
tegmental arched domain that ends rostroventrally in the prospective
mammillary region, and is not expressed elsewhere in the hypotha-
lamus (García-Calero et al., 2006). Its local function remains uncertain,
though the arched conﬁguration of this signal suggests that this
receptor may be related to initial axonal navigation of the mammillo-
tegmental tract, which follows the same tegmental curve. In the
present study, we examined experimentally the possibility that EphA7
expression in the prospective mammillary region (a precocious
manifestation of early hypothalamic regionalization) might result
from an early joint induction effect of the prechordal and chordal axial
mesoderm. The rationale for this conjecture was that themammillary/
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between epichordal and prechordal parts of the forebrain ﬂoor
(diencephalon proper versus secondary prosencephalon; Puelles and
Rubenstein, 2003; Puelles et al., 2004), so that its formation in the part
of the hypothalamus closest to the epichordal diencephalic ﬂoor
might be partly due to a limited-range signaling effect spreading from
the notochordal tip into the nearby prechordal hypothalamus.
To examine this possibility, we performed a series of axial
mesoderm ablations, either of the rostral notochordal head process
(Rowan et al., 1999) or of the rostral mesendoderm (prechordal plate;
Adelmann, 1922; Seifert and Jacob, 1993; Selleck and Stern, 1991;
Patten et al., 2003). The ablations were performed upon early
gastrulation stages (HH4+ to HH6), and thereafter we analyzed ventral
forebrain patterning at stage HH14 or later, as revealed with EphA7,
Nkx2.1 and Shh in situ hybridization. Nkx2.1 is a general early marker
(from neural plate stages onwards) of the hypothalamic ﬂoor and
basal plate, including the prospective mammillary body, but not the
retromammillary area. Nkx2.1 is also expressed separately in a
preopto-pedunculo-pallido-septal subpallial telencephalic domain
formed several stages later, after telencephalic evagination begins
(Crossley et al., 2001; Kimura et al., 1996; Pera and Kessel, 1998;
Puelles et al., 2000; Flames et al., 2007; Garcia-Lopez et al., 2008). On
the other hand, Shh expression is present initially in the entire ventral
forebrain (basal and ﬂoor plates), but secondarily becomes down-
regulated in part of the ventral hypothalamus, including at the
mammillary primordium, but not the retromammillary area (Crossley
et al., 2001; Manning et al., 2006; Marti et al., 1995a; Patten et al.,
2003; Shimamura et al., 1995). In the alar plate of the secondary
prosencephalon, Shh RNA also appears in the subpallial preoptic
region at later stages (Bardet et al., 2006; Bardet, 2007; Flames et al.,
2007; Garcia-Lopez et al., 2008; Puelles and Rubenstein, 2003).
Our results did not corroborate an inductive inﬂuence from the
anterior tip of the notochord upon the mammillary region, while they
did implicate strongly the prechordal axial mesoderm in mammillary
induction and speciﬁcation. This process occurs in a heterochronic
sequence affecting differentially other parts of the diencephalic
tegmentum, the basal hypothalamus and even the preoptic subpallium.
One novel aspect uncovered was that subpallial expression of
Nkx2.1 continues being dependent upon presence of the prechordal
plate after the mammillary region and other basal hypothalamic areas
have been terminally speciﬁed.
Materials and methods
The animals were treated according to the regulations and laws of
the European Union (86/609/EEC) and the Spanish Government (Royal
Decree 223/1998) for care and handling of research animals.
EC culture
For whole-embryo chick culture, we used a recent modiﬁcation of
New's method called the EC-culture method (EC=Early Chicken;
Chapman et al., 2001). Brieﬂy, we prepared culture dishes with an
agar-albumen substrate (Darnell and Schoenwolf, 2000), and then
used a ﬁlter-paper carrier to hold the early blastoderm under tension,
adhered upon the vitelline membrane. The embryo was cultured
upside-down on top of the agar-albumen substrate, in a humiﬁed Petri
dish placed within a standard incubator (38 °C).
The embryos were explanted and staged in batches after 19 h of
preliminary incubation – they usually were distributed between the
presomitic stages HH4, HH4+, HH5, HH5+ and HH6 – and were
allowed to recover for 30 min in vitro before surgery. The operated
embryos were returned to the incubator for two days, after which
period we obtained approximately a 90% survival rate. The embryonic
developmental stages assessed at the time of ﬁxation oscillated
between HH14 (22 somites; corresponds to E9.5 mice) and HH17(corresponds to E10.5 mice). We ﬁxed the embryos overnight in cold
pH7.4, 0.1M phosphate-buffered 4% paraformaldehide and then
prepared them for in situ hybridization. This usually meant careful
partial dissection of the neural tube from the skin and mesenchyme,
before washing the ﬁxative away and dehydrating the specimens.
Head process and prechordal plate ablation
Either the head process or the prechordal plate was excised from
the upside-down cultured embryos with an electrolytically shar-
pened tungsten needle, cutting across the endodermal and meso-
dermal layers, but taking care not to lesion the ectoderm. The
location and extent of the axial mesoderm to be ablated were
assessed by reference to morphological criteria (Meier, 1981; Seifert
and Jacob, 1993), as well as by comparison with the mesodermal
expression pattern of Shh and Gsc (Lopez-Sanchez et al., 2005;
Garcia-Calero, unpublished observations).
In situ hybridization
For EphA7 riboprobe preparation, we digested a 1400bp DNA
fragment subcloned in pBS-SK. Digestion with XbaI was used to
synthetize antisense riboprobe for in vitro transcription with T3
polymerase in presence of digoxigenin-11-UTP; for double in situ
hybridization, the antisense riboprobe was synthetized in the
presence of ﬂuorescein-12-UTP. For Nkx2.1 riboprobe preparation,
we digested a 1500bp DNA fragment subcloned in pBS-SK. Digestion
with BamHI was used to synthetize antisense riboprobe for in vitro
transcription with T7 polymerase in the presence of digoxigenin-11-
UTP. For Shh riboprobe preparation, we digested a 500bp DNA
fragment subcloned in pBS-SK. Digestion with HindIII was used to
synthetize antisense riboprobe for in vitro transcription with T3
polymerase in the presence of digoxigenin-11-UTP. Puriﬁcation of
probes was achieved using Quick Spin Columns (Roche). The
hybridization protocol used was according to Shimamura et al. (1994).
Capture and manipulation of the ﬁgures and ﬁgure assembling
The in situ reacted embryos were visualized as whole-mounts,
cleared in glycerol/PBS 1:1 mix. Digital images were takenwith a Sony
DXC 151AP color video camera. The images were optimized for
contrast and brightness with MIP 4.5 software (CID, Barcelona).
Other digital microphotographs were taken on a Zeiss Apophot
microscope equipped with a Zeiss Axiocam digital camera. The
captured images were processed for contrast and brightness with
Adobe Photoshop 6.0 or Adobe Photoshop Elements. This software
was used also for panel composition and lettering.
Results
We summarize in the ﬁrst section the normal expression of EphA7
in the early chick forebrain, then going on to the experimental results.
These data occupy three additional sections of Results, dealing
respectively with mammillary effects of ablation of the head process,
ablation of the prechordal plate and effects of prechordal plate
ablation on hypothalamic ventral markers.
EphA7 expression pattern at 2–3 days of incubation
Early expression of EphA7 ﬁrst occurs in the chick at neural tube
closure (around HH11), labeling the rostralmost part of the forebrain
roof plate and a lateral wall domain covering the whole alar
diencephalon (in prospective prosomeres p1, p2 and p3; Garcia-Calero
et al., 2006; Puelles and Rubenstein, 1993, 2003). From stage HH14
onwards, EphA7 expression appears also at the prospective mammil-
lary region of the hypothalamus, which is marked simultaneously by
Fig. 1. Chick embryo whole-mounts hybridized for EphA7 (except C) after head process and prechordal plate ablation at different developmental stages. Additional schematic
representation of the surgery done is included before the cases. Rostral is to the left. Major brain regions (or prospective regions) are marked along the dorsal contour. The respective
number cases are indicated at the lower left-hand corner. (A) Control culture, HH17; (B) head process ablation at stage HH5; (C) Shh expression 24h after head process ablation; there
is a gap between the notochord and the prechordal plate; Shh transcripts are present in the ﬂoor plate; (D) EphA7after prechordal plate ablation at HH4+; (E) group I EphA7 pattern
after prechordal plate ablation at stage HH5; (F–H) group II EphA7 pattern after prechordal plate ablation at stage HH5 (F′, G′, H′) details of the ﬂoor plate buds; (I–K) group III EphA7
pattern after prechordal plate ablation at stage HH5; (L, M) EphA7 pattern after prechordal plate ablation at stage HH5+; (N) EphA7 pattern after prechordal plate ablation at stage
HH6. Red asterisk, EphA7 transcripts in the roof plate of the rostral forebrain; black arrows, prosencephalic ﬂoor plate buds. d: diencephalon, HP: head process, hy: hypothalamus, m:
mammillary region, me: mesencephalon, n: notochord, ov: optic vesicle, pa: pallidal primordium, pb: parabasal band, PCP: prechordal plate, pm: paramedial band, PS: primitive
streak, sm: supramammillary arch, sp: secondary prosencephalon, zl: zona limitans.
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mammillary arch connects the mammillary expression domain with
the diencephalic pattern in p3 (Fig. 1A; see Garcia-Calero et al., 2006,
for further details).
Ablation of head process at HH5–6
In embryos that suffered head process ablation at stages HH5–6,
there occurred no signiﬁcant changes in EphA7 signal (n=24),compared to normal EphA7 expression pattern at stages HH14–HH17
or to sham-operated control cases. Note that these are the earliest
stages at which the head process is distinguished in ovo or in vitro
(López-Sánchez et al., 2005). The EphA7-positive mammillary area
developed normally in these experiments, and a normal retro-
mammillary arch pattern was also found. The only abnormal effect
noted was a slight retardation in forebrain development (Fig. 1B).
Because we did not observe changes in EphA7 expression in embryos
that had head process ablation, we checked whether there occurs
Fig. 2. Chick embryo whole-mounts hybridized for Nkx2.1 and Shh after prechordal plate ablation at different developmental stages. Additional schematic representation of the
surgery done is included before the cases. The left side is illustrated, with forebrain oriented to the left. Major brain regions (or prospective regions) are marked along the dorsal
contour. The respective number cases are indicated at the lower left-hand corner. The gene analyzed in indicated in the right-superior corner. (A) Control prepared with double in situ
hybridization for Nkx2.1, HH17 (dark blue color) and EphA7 (red); note lack of signal at the retromammillary area; the asterisk labels a small patch of expression in the tegmentum of
prosomere 3; (A′) detail of difference in Nkx2.1 expression in the mammillary and retromammillary regions; (B) control specimenwith Shh in situ hybridization at HH17; note lack of
expression in the mammillary body; (B′) detail of difference in Shh expression in mammillary and retromammillary region; (C–E) results after prechordal plate ablation at HH4+;
(F–G) group I patterns after prechordal plate ablation at stage HH5; (F′,G′) details of Shh expression in the spinal cord of the experimental embryos illustrated in panels F and G,
respectively, serving as internal control of the ISH reaction; (H–K) group II patterns after prechordal plate ablation at stage HH5; (L–N) group III patterns after prechordal plate
ablation at stage HH5. See Fig. 1 for the abbreviations.
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expression in these embryos 24 h after surgery. We observed a
persisting gap in the rostral notochord, whereas the prechordal plate
and the caudal notochord are present. Shh transcripts were observed
in the neural ﬂoor plate over the notochordal gap (Fig. 1C).
Ablation of prechordal plate at HH4+–HH6
We performed ablation of the prechordal plate at all intermediate
stages of development ranging fromHH4+ to HH6 (HH4+, 5, 5+, 6), and
studied the surviving embryos at stages HH14–17. In these cases,
prechordal plate ablation systematically correlated with altered
development of the hypothalamus, including the mammillary area
(Figs. 1D–N and 4; Table 1).
After early ablation of the prechordal plate atHH4+(n=5) (stage PS9
of López-Sánchez et al., 2005), we observed an alteration of the entire
secondary prosencephalon, with a morphology reminiscent of holo-prosencephaly. The typical mammillary pouch and also the rest of the
basal hypothalamus disappeared. The embryos also showed cyclopy
and an unpaired telencephalic vesicle (Fig. 1D; Table 1). We estimate
that by operating at HH4+ we achieve ablation of virtually all
presumptive prechordal mesodermal cells (Patten et al., 2003). In
this case the entire secondary prosencephalon (forebrain rostral to p3)
develops as a holoprosencephalic dorsalized vesicle, without any sign
of hypothalamic basal and ﬂoor components, as is corroborated by
complete absence ofNkx2.1 or Shh expression (see below). Early EphA7
transcripts appearing at the rostral part of the forebrain roof plate
(prospective septum) are nevertheless retained (red asterisk; Figs. 1A,
D). The diencephalon proper (p1–p3) is similarly dorsalized. It lacks
differentiated basal and ﬂoor plates, and it appears uniformly positive
for EphA7, which normally only appears in the local alar plate (Fig. 1D).
Embryos that suffered prechordal plate ablation at stage HH5
(n=19) (stage PS10-12 of López-Sánchez et al., 2005) are also cyclopic
and holoprosencephalic, but show variable degrees of hypothalamic
Table 1
Precordal plate ablation at different developmental stages and label with the molecular
marker EphA7
Case Mamm. morphology EphA7 Group
Prechordal plate ablation at HH4+
A238 No bud −
A285 No bud −
A291 No bud −
A294 No bud −
A303 No bud −
Prechordal plate ablation at HH5
A218 No bud − I
A253 No bud − I
A302 No bud − I
A201 Bud − II
A241 Bud − II
A242 Bud − II
A277 Bud − II
A280 Bud − II
A281 Bud − II
A283 Bud − II
A287 Bud − II
A288 Bud − II
A209 Bud + III
A223 Bud + III
A269 Bud + III
A275 Bud + III
A276 Pouch + III
A278 Bud + III
A296 Bud + III
Prechordal plate ablation at HH5+
A204 Pouch +
A213 Pouch +
A257 Pouch +
A259 Bud +
A270 Bud +
A272 Pouch +
A273 Pouch +
A282 Pouch +
A289 Pouch +
A298 Bud +
Prechordal plate ablation at HH6
A243 Pouch +
A268 Pouch +
A301 Pouch +
We focused our study in the mammillary pouch development analyzing its morphology
(Mamm. morphology: no bud, bud or pouch) and presence of EphA7 transcripts in this
area.
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Some embryos (group I; n=3) are very similar to those whose
ablation occurred at stage HH4+: they lack basal/ﬂoor prosencephalic
structures, show the cyclopic and holoprosencephalic phenotype, and
display a dorsalized EphA7 pattern in the diencephalon (Fig. 1E).
Other embryos (group II; n=9) apparently possess some ventral
longitudinal zonal component in the diencephalon (which accord-
ingly is not wholly dorsalized as regards EphA7 expression) and the
secondary prosencephalon (see Nkx2.1 and Shh data below), though
the emergent tegmental region is still very defective. A nearly
constant character found in embryos of this group is an EphA7-
negative, median digitiform outpouching of the forebrain ﬂoor (called
“bud” in Table 1; marked with black arrow in Figs. 1F–H). This bud has
variable dimensions, and lies either at the apparent transition
between midbrain and diencephalon, or slightly more rostrally (i.e.,
in the diencephalon; Figs. 1F', G', H'). The partially developed ventral
parts of the secondary prosencephalon, recognized by Nkx2.1
expression (see below), were nevertheless EphA7-negative. Finally,
some other embryos (group III; n=7) have a similar overall aspect,
also displaying a median bud in the neural tube ﬂoor, but the bud lies
relatively more rostrally, in the caudal hypothalamus, and its tipdisplays incipient EphA7 signal (black arrow; Figs. 1I–K). This bud
accordingly can be tentatively identiﬁed by its morphology, location
and characteristic gene-marker expression as an immature mammil-
lary primordium.
Consistent with this interpretation, in the majority of cases with
prechordal plate ablations at HH5+ (n=10) (stage PS13 of López-
Sánchez et al., 2005), we found a strongly EphA7-positive and
normally placed mammillary pouch. In some of these cases, the
pouch seems larger than normal, possibly because the tuberal basal
hypothalamus is still incompletely formed, and the mammillary
pouch consequently seems to protrude more (Figs. 1L, M; Table 1). The
diencephalic expression of EphA7 is otherwise fully normal. The
secondary prosencephalon nevertheless is still holoprosencephalic
(cyclopy and unpaired telencephalon) in all these cases.
After ablating the prechordal plate at HH6 (n=3) (stage PS14 of
López-Sánchez et al., 2005), we found that the EphA7 and Nkx2.1
expression patterns in the forebrain largely resemble normal patterns
(i.e., presence of alar and basal zones throughout, as in control
preparations; see below Nkx2.1 data). There is also normal morpho-
genesis and patterning of the mammillary and tuberal hypothalamic
regions (Fig. 1N; Table 1). There was no cyclopy, but the telencephalon
remained unpaired at the stage of ﬁxation (HH15–HH17), implying
perhaps a rest of holoprosencephaly, or, alternatively, slight retarda-
tion of telencephalic development (incipient separate bulging of the
telencephalic vesicles normally can be seen in the chick at HH16–17;
Puelles et al., 1987).
Nkx2.1 and Shh expression in embryos with prechordal plate ablation
Results reported above on EphA7 expression in embryos in which
the prechordal plate was deleted at various early stages raised the
question whether all ventral secondary prosencephalon areas
(mammillary pouch included) become speciﬁed in a single caudo-
rostral spatiotemporal sequence, or, alternatively, there is a separate
temporal sequence of speciﬁcation of the tuberal part of the
hypothalamus, perhaps revealing effects of other potential morpho-
gen sources (i.e., signals from the anterior neural ridge, or from
Rathke's pouch). To check this point, we repeated the prechordal
plate ablation experiments at different stages of development (HH4+–
HH6), and this second set of operated embryos was analyzed at stages
HH14–17 with basal hypothalamic molecular markers, such as Nkx2.1
(n=30) (Figs. 2–4; Table 2) and Shh (n=21) (Figs. 2–4; Table 3;
Crossley et al., 2001; Pera and Kessel, 1998).
Normally Nkx2.1 labels a major part of the hypothalamic basal
plate, including the mammillary nuclear primordium, but not the
retromammillary area (m, rm; Figs. 2A, A'). Separately, Nkx2.1 is
expressed in the prospective pallidum, anterior entopeduncular
area, adjoining part of septum and preoptic area of the telence-
phalic subpallium (Fig. 2A; Puelles et al., 2000; Bardet et al., 2006).
In addition, we observed that, at stage HH16, there also appears
Nkx2.1 RNA signal at the rostromedian chiasmatic alar plate
intercalated between the basal hypothalamus and the telencephalic
subpallium (rostral neural wall separating the two optic stalks; red
arrow in Fig. 2A).
On the other hand, Shh normally shows a dynamic forebrain
expression pattern. At the stages analyzed (HH14 to HH16), this gene
labels the diencephalic and hypothalamic basal and ﬂoor plates (and
the incipient zona limitans core region) (Fig. 2B). The hypothalamus
shows secondary down-regulation of Shh at the ﬂoor plate, with the
mammillary pouch, but not the retromammillary area, included in the
negative domain (m, rm; Figs. 2B, B′); however, Shh signal remains
present in the basal plate ventricular zone (Crossley et al., 2001;
Manning et al., 2006; Marti et al., 1995a; Patten et al., 2003). We
corroborated presence of Shh transcripts in the preoptic region
(Bardet et al., 2006; Flames et al., 2007; García-López et al., 2003),
which can be considered an unevaginated part of the telencephalic
Fig. 3. Chick embryo whole-mounts hybridized for Nkx2.1 and Shh after prechordal plate ablation at different developmental stages. Additional schematic representation of the
surgery done is included before the cases. The left side is illustrated, with forebrain oriented to the left. Major brain regions (or prospective regions) are marked along the dorsal
contour. The respective number cases are indicated at the lower left-hand corner. The gene analyzed is indicated in the right-superior corner. (A) Prechordal plate ablation at stage
HH5, group II or III; (B, C) prechordal plate ablation at stage HH5+; (D, E) prechordal plate ablation at stage HH6. Red arrow, Nkx2.1-rostromedian alar plate domain. See Fig. 1 for the
abbreviations.
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Puelles and Rubenstein, 2003; Shimamura et al., 1995).
After prechordal plate ablations at HH4+ (stage PS9 of López-
Sánchez et al., 2005) (Nkx2.1: n=6; Figs. 2C–D; Shh: n=5; Fig. 2E), we
found at stages HH14–HH17 that the holoprosencephalic embryos do
not develop any forebrain domain whatsoever expressing Nkx2.1 or
Shh. These results are consistent with the expectation of a fully
dorsalized rostral forebrain after ablation of the entire prechordal
plate tissue.
Cases checked for Nkx2.1 expression after ablation of the
prechordal plate at stage HH5 (n=16) (stage PS10–12 of López-
Sánchez et al., 2005) distribute again phenotypically into the groups I,
II and III described above (n=6/5/5, respectively), essentially duplicat-
ing our ﬁrst experimental set as regards formation of median ventral
buds. Embryos assigned to group II start to form ventral forebrain
structures (or, at least, not overtly dorsalized ones) in the diencepha-
lon and caudal hypothalamus. There appears generally a small patch
of Nkx2.1 signal at the tip of the ventromedian buds of these group II
cases (black arrow; Figs. 2H–K). There is a qualitative change as we
compare this with the group III cases, in which the presumptive
mammillary area and the posterior basal hypothalamus are strongly
Nkx2.1-positive (black arrow; Figs. 2L–N), and there appears as well
a distinct Nkx2.1-negative retromammillary area. However, all these
HH5-operated embryos lack Nkx2.1 transcripts at the telencephalic
subpallium, the interocular alar domain or the basal hypothalamus
rostral to the mammillary primordium (Figs. 2H–N). Shh expression
was mapped in a similar set of embryos operated at HH5 (n=15). We
classiﬁed some of these embryos as group I (n=5), and they wholly
lacked Shh transcripts in the forebrain (Figs. 2F, G). On the other hand,
there was no clear difference in expression of this marker between
possible group II or III cases (n=10); in all of them, Shh transcripts
extended rostrally along the basal plate and the morphological
constitution of the tuberal hypothalamic area was nearly normal
(Fig. 3A). In some cases, we observed a Shh-positive median bud in the
ﬂoor of the prosencephalon (not shown). Downregulation of Shh in
the chicken mammillary region happens normally around stage HH15
(Crossley et al., 2001; Manning et al., 2006); since our experimental
embryos are ﬁxed at stages HH14–15, the Shh signal in these buds is
ambiguous as regards their characterization as having or not
mammillary identity. Therefore, we did not try to divide these resultsinto group II or group III categories. Shh expression was useful mainly
for assessing the development of basal identity in the hypothalamus in
general.
After prechordal plate removal at stage HH5+ (n=6) (stage PS13 of
López-Sánchez et al., 2005), the embryos displayed at HH15–HH17 a
nearly normal Nkx2.1 (n=6; Figs. 3B, C) expression pattern in the
entire hypothalamus (both mammillary and tuberal regions), though
most of them are cyclopic and lack Nkx2.1 expression in the subpallial
telencephalon and the interocular alar domain. This result suggests
that the two alar domains of Nkx2.1 expression do not depend strictly
on a normal hypothalamic expression pattern, but on the continued
median presence of prechordal plate mesodermal cells after stage
HH5+. We did not analyze Shh expression in embryos operated at this
stage.
Finally, prechordal plate ablation at stage HH6 (stage PS14 of
López-Sánchez et al., 2005) produced a fully normal development of
the forebrain, including the interocular and subpallial telencephalic
domains of Nkx2.1 (n=2; Fig. 3D), and the preoptic subpallial domain
of Shh (n=1; Fig. 3E).
Discussion
Mammillary EphA7 expression requires prechordal mesoderm
Selective early ablation of the rostral axial mesoderm at successive
stages was used to examine the formation and timing of speciﬁcation
of the mammillary pouch in the caudal hypothalamus, identiﬁed by
means of its expression of the ephrin receptor gene EphA7. A possible
inductive effect originating from the anterior notochordal tip (head
process) or the prechordal plate was investigated. It had been shown
previously that the prechordal plate has a key function in patterning
the basal forebrain (Pera and Kessel, 1997; Mathieu et al. 2002; Patten
et al., 2003), but the mammillary hypothalamic area had not been the
object of speciﬁc studies. The mammillary complex (formed by the
mammillary body and the retromammillary area) is formed just
rostral to the postulated boundary between so-called epichordal
(diencephalic) and prechordal (hypothalamic) territories of the
forebrain (Puelles et al., 1987; Puelles, 1995, 2001); these areas are
widely assumed to receive vertical inductive signals from the
notochord and the prechordal plate, respectively, due to their close
Fig. 4. Diagram summarizing in a lateral view results obtained after prechordal plate and head process ablation at different stages. It shows varying postoperative effects in
experimental embryos at HH17, in terms of morphology and presence or absence of EphA7 (blue), Nkx2.1 (red) and Shh (green) expression, depending on the stage in which the
ablation was performed. The forebrain is oriented to the left. Major brain regions (or prospective regions) are identiﬁed along the dorsal contour (sp, d, me). See Fig. 1 for the
abbreviations.
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2001; Puelles and Rubenstein, 1993; 2003; Shimamura et al., 1995).
We initially entertained the working hypothesis that the caudal
mammillary specialization of the hypothalamus might result from a
selective inductive effect from the notochordal tip, while the
differentiation pattern of more rostral parts of the basal hypothalamus
(tuberal area with neurohypophysis) might be explained by their
being out of range of the hypothetic notochordal signal and
consequent selective exposure to prechordal signals. This was our
rationale for removing either the head process or the prechordal axial
mesoderm at early gastrulation stages, studying subsequently atstages HH14–17 possible alterations in the developing mammillary
complex. We expected prechordal plate ablation to have no or little
effect on mammillary induction, as indicated by EphA7 expression,
and head process ablation to have a strong effect. We subsequently
also analyzed in similar experimental embryos the expression of the
genes Nkx2.1 and Shh, which both serve as markers for the whole
basal hypothalamic region (Crossley et al., 2001; Kimura et al., 1996;
Pera and Kessel, 1998). Nkx2.1 and Shh have partly complementary
patterns in the mammillary region: Nkx2.1 is expressed in the
mammillary body, but not in the retromammillary area, whereas the
opposite is true for Shh. Additionally, Nkx2.1 labels a pallido-
Table 2
Precordal plate ablation at different developmental stages and label with the molecular
marker Nkx2.1
Case Mamm.
morphology
Nkx2.1 in
hypothalamus
Nkx2.1 in
subpallium
Group
Prechordal plate ablation at HH4+
A307 No bud − −
A310 Pouch + +
A323 Bud − −
A332 No bud − −
A335 No bud − −
A338 No bud − −
Prechordal plate ablation at HH5
A314 No bud − − I
A316 No bud − − I
A318 No bud − − I
A319 No bud − − I
A343 No bud − − I
A331 No bud − − I
A321 Bud + − II
A306 Bud + − II
A322 Bud + − II
A327 Bud + − II
A329 Bud + − II
A333 Pouch + − III
A325 Pouch + − III
A328 Pouch + − III
A340 Pouch + + III
A344 Pouch + − III
Prechordal plate ablation at HH5+
A311 Pouch + −
A313 Pouch + −
A326 Pouch + +
A336 Bud + −
A339 Pouch + −
A342 Pouch + −
Prechordal plate ablation at HH6
A308 Pouch + +
A309 Pouch + +
We focused our study in the mammillary pouch development analyzing its morphology
(Mamm. morphology: no bud, bud or pouch) and presence of Nkx2.1 transcripts in this
area. We also analyzed the presence of Nkx2.1 transcripts in the pallidal primordium.
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excluding only the prospective striatum and preoptohypothalamic
transitional zone (Bardet et al., 2006; Cobos et al., 2001; Flames et al.,
2007; Puelles et al, 2000).
In fact, our chordal ablation experiments suggested that the head
process does not play an important role in mammillary pouch
development from stage HH5 onwards, this being the earliest stage
at which the head process can be identiﬁed (López-Sánchez et al.,
2005). Indeed, embryos lacking this primordium show only a slight
general retardation in forebrain development, but the molecular
forebrain patterns studied are normal, as well as overall hypothalamic
and forebrain morphogenesis. On the other hand, ablation experi-
ments restricted to the prechordal plate clearly affected development
of the entire forebrain basal plate, as well as the induction of
mammillary specializations.
There subsists the theoretical possibility that the median tissue
which is currently identiﬁed as prechordal plate at stages HH4–4+
(Patten et al., 2003) may contain some cells with differential chordal
properties. Pera and Kessel (1997) analyzed the expression patterns of
Goosecoid (Gsc), – a prechordal plate marker – and Not1 and Not2 –
two notochordal plate markers – in chicken embryos at early stages of
development (see also López-Sánchez et al, 2005). They observed that
the ﬁrst ingressing axial mesodermal cells form a triangular cell
assembly anterior to the node and express mainly Gsc, but never-
theless Not1 and Not2 RNA transcripts are also detected at this early
stage (HH4+) in the samemesodermal region. Later, at stage HH5, bothcell populations are segregated, and the prechordal plate appears as a
structure expressing selectively Gsc transcripts, Not1 or Not2 being
restricted to the notochord. Accordingly, when we ablate the
prechordal plate at stage HH4+, we cannot discount that we also
eliminate some intermixed prospective notochordal cells critical for
mammillary complex induction. However, when we ablated the
prechordal plate at stage HH5, in which the prechordal and
notochordal cell populations are segregated, we observed either a
full dorsalization of the basal hypothalamus, comparable to that
obtained after prechordal plate ablation at HH4+, or an altered
development of the mammillary region. Comparing these results with
data obtained after ablation of the head process at the same stage, we
conclude that the structure that affects the development of the
mammillary area is the prechordal plate, and not the anterior
notochordal tip or head process.
Caudorostral patterning of the hypothalamus by the prechordal plate
Most embryos that suffered prechordal plate ablation showed a
cyclopic holoprosencephalic phenotype, as expected from previous
literature (Adelmann, 1922; Wallis and Muenke, 2000; Krauss, 2007).
We noted that the degree of these defects varies depending on the
moment of prechordal plate ablation. It is important to add at this
point that the variability of results obtained with this kind of
experiment when performed at stage HH5 of Hamburger and
Hamilton (1951) possibly correlates with the recent proposal to divide
this classical stage in three substages called PS10-12 (López-Sánchez
et al., 2005). Our data are consistent with the idea that these grafts
might have distributed in aleatory fashion between these 3 substages.
The gross deformations of group I cases would be explained as
resulting from operating at PS10, the presence of some sort of
imperfect tegmentum and EphA7-negative buds in group II cases may
result from operations inciding at PS11, and the appearance of EphA7-
positive buds in group III cases may correspond to specimens that had
reached PS12 when they were operated.
Interestingly, Orts-Llorca (1952) inferred from the analysis of
human malformation cases that two kinds or degrees of cyclopy exist:
one where the embryos show an abnormal forebrain, but with a
normal mammillary pouch, and another where the forebrain
abnormality includes as well the mammillary pouch. Our results
support this insight and predict that such differences in cyclopic
phenotypemay be related to different timing of the silencing or loss of
the critical prechordal signaling. In this respect, we also found
additional intermediate levels of prechordal mammillary induction
defects, in one of which a ventromedian bud is formed that expresses
Nkx2.1, or Shh, but not the EphA7marker, in contrast with the cases in
which this bud also becomes EphA7-positive.
Our data reveal a trend as regards dorsoventral forebrain
patterning: (1) very early prechordal plate ablations (at late HH4)
cause loss of the entire basal forebrain (dorsalization of hypothalamus
and diencephalon) and full-blown holoprosencephaly; (2) slightly
later ablations (at HH5) show gradual disappearance of the dorsalized
status; the formation of basal parts proceeds across the stage-series of
experiments from caudal to rostral, starting with formation of a
median EphA7-negative bud, thought to represent the rostralmost end
of existing ventralized tissue; (3) at a later point in this spatiotemporal
sequence – ablations at late stage HH5 and stage HH5+ – the median
ventral bud develops EphA7 signal, indicating the apparent complete
speciﬁcation of a molecularly characteristic mammillary pouch; (4)
only prechordal ablations performed at HH6 elicit a normally
constituted basal forebrain (i.e., including a tuberal part of the basal
hypothalamus, rostral to the mammillary pouch). This sequence
establishes that the 5–6-h-long period between stages HH4 and HH6
coincides with prechordal signaling necessary for a normal hypotha-
lamic patterning, and suggests that the speciﬁcation of the diverse
sectors of the hypothalamic ﬂoor and basal plate proceeds in
Table 3
Precordal plate ablation at different developmental stages and label with the molecular
marker Shh
Case Shh expression in rostral
sp ﬂoor/basal plate
Shh expression in caudal
sp ﬂoor/basal plate
Group
Prechordal plate ablation at HH4+
A34 − −
A48 − −
A60 − −
A10 + +
A42 + −
Prechordal plate ablation at HH5
A52 − − Group I
A62 − − Group I
A65 − − Group I
A39 − − Group I
A75 − − Group I
A30 + −
A8 − +
A55 + +
A44 − +
A68 − +
A53 − +
A80 − +
A81 − +
A84 − +
A13 + +
Prechordal plate ablation at HH6
A72 + +
We analyzed the expression of Shh in rostral and caudal secondary prosencephalic (sp)
ﬂoor/basal plate.
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primordium may be already speciﬁed, as far as subsequent selective
expression of EphA7 indicates, possibly explains why our head process
ablations did not have any noticeable effect on the mammillary
hypothalamus. The head process starts to individuate at this stage
(López-Sánchez et al., 2005). To clarify how the prechordal plate
mediates the establishment of the observed caudorostral pattern in
the overlying diencephalic and hypothalamic tissue, we need to
understand the relationship between both cell populations implicated
in this process.
Whereas spinal cord ﬂoor plate tissue seems to share a common
nodal origin with notochordal cells (Catala et al., 1996; Jessell et al.,
1989; Le Douarin and Halpern, 2000; Schoenwolf and Sheard, 1990;
Selleck and Stern, 1991; Teillet et al., 1998 but see Fernández-Garre et
al., 2002), the situation is different in the ﬂoor plate of anterior parts of
the central nervous system. Various early fate maps have established
that a prenodal epiblast cell population called “area a” is the principal
contributor to the anterior ventral midline (ﬂoor plate) in the neural
tube (García-Martínez et al., 1993; Patten et al., 2003; Schoenwolf et
al., 1989; Schoenwolf and Sheard, 1990). On the other hand, this “area
a” corresponds with the prospective prosencephalic ﬂoor plate in the
fate map of neural plate at stage HH4 (Fernández-Garre et al., 2002).
Real-time lineage studies showed that this tissue is not a derivative of
Hensen's node, in contrast with more caudal parts of the ﬂoor plate
(Patten et al., 2003). Accordingly, the prechordal plate and the
prospective hypothalamic ﬂoor cells do not share a nodal origin.
Importantly, this means that the prechordal cells must move from the
node to their ﬁnal emplacement under the prospective hypothalamic
ﬂoor (changing a planar earlier relationship to a vertical secondary
one).
Patten et al, (2003), using the ﬂoor plate markers Foxa2 and Shh,
showed an inductive effect of the prechordal plate upon the
ectodermal “area a” cells. We add now that the prechordal plate also
plays a speciﬁc role in induction and patterning of the prospective
mammillary region, distinct from its presumed role inducing the
tuberal hypothalamus. Since an early displacement of ingressingprechordal tissue relative to the ﬁxed “area a” ﬂoor domain must be
assumed, one needs to consider whether the spatiotemporal series of
basal hypothalamic effects mediated by prechordal cells depends on
the changing topographic parameters as these cells migrate, or, in
contrast, is related to the duration of the effect emanated from the
prechordal plate. Indeed, a caudorostral migration of the prechordal
plate under the prospective hypothalamus might cause the observed
order in tissue speciﬁcation, but also mammillary speciﬁcation may
possibly need less continued prechordal signaling than the tuberal
hypothalamus.
Niehrs et al., (1993) observed a rostral migration of prechordal
plate cells expressing Gsc gene in Xenopus embryos, and similar
observations have been reported for zebraﬁsh (Blanco et al., 2007).
Patten et al., (2003) showed that between stages HH4+ and HH5, the
nascent prechordal plate passes underneath “area a”, the prospective
forebrain ﬂoor domain, so that at stage 4+ the prechordal plate lies
under “area a”, whereas these tissues are out of register at stage HH5
and afterwards. These authors concluded that it is at stage HH4+when
the prechordal plate induces a ﬂoor plate character upon “area a” cells.
The “area a” of these experiments only represents the forebrain ﬂoor
plate, and the hypothalamic basal plate surrounding it is not included
in this analysis.
On the other hand, there seem to be rostral movements (or
longitudinal expansion due to differential growth) of the forebrain
anlage in the chick (Foley and Stern, 2001; Patten et al., 2003) and of
prospective hypothalamic cells in the zebraﬁsh (Varga et al., 1999).
However, the respective relationships of these neural domains with
prechordal tissue were not disclosed in these studies.
In a detailed fate map of the chicken neural plate at stage HH4
(Fernández-Garre et al., 2002), the prospective forebrain ﬂoor plate
(diencephalic and hypothalamic sectors) is located just rostral to
Hensen's node, surrounded laterally and rostrally by the prospective
prosencephalic basal plate (diencephalic and hypothalamic sectors).
This means that, in principle, spreading inductive signals from the
prechordal plate would be able to reach ﬁrst the prosencephalic ﬂoor
plate (diencephalic and hypothalamic sectors), before affecting the
diencephalic and hypothalamic basal plate. In the present work, we
did not focus our attention on diencephalic development (considered
here as a part of the forebrain caudal to the hypothalamus, according
to the prosomeric model; the diencephalic basal/ﬂoor plate later
meets the hypothalamus at a ventral indentation separating pro-
somere 3 from the retromammillary area; Puelles and Rubenstein,
2003). Interestingly, after stage HH5 prechordal plate ablations, there
are signs of a partially ventralized diencephalic ﬂoor plate (Shh-
positive; EphA7-negative midventral buds; Figs. 1F–H, 2I–K and 4)
even before such a ventralized status appears in the hypothalamic
ﬂoor. Similarly, along the temporal staged series of experiments, the
diencephalic basal plate seems to form before the hypothalamic basal
plate, independently from prechordal tissue ablation. Later the di-
encephalon is placed epichordally, so that chordal axial mesoderm
presumably exerts some secondary patterning inﬂuence upon it.
However, we left the diencephalon outside our present circumscribed
interest in the mammillary complex. Our results thus are consistent in
principle with a caudorostral hypothalamic speciﬁcation pattern
mediated by a caudal to rostral migration of underlying prechordal
plate cells between stages HH4 and HH5.
In addition, Dale et al. (1999) analyzed the spatial relationship of
prechordal mesoderm and rostral ventral midline neural tissue at
early developmental stages. In this case, the authors observed that the
neuroepithelial cells destined to form ventral forebrain are located
over the prechordal mesoderm at stage HH4. At stages HH5–6, the
prechordal plate and the ventromedian prosencephalic cells are no
longer in register, and the notochord becomes localized under the
ventral forebrain, while the prechordal mesoderm becomes displaced
more rostrally. Unfortunately, prospective diencephalic, mammillary
and tuberal hypothalamic regions were not distinguished from each
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difﬁcult to correlate these conclusions with our data. It is relevant in
this sense that descriptive embryological studies generally associate
the notochord to the midbrain and diencephalic ﬂoor (with the
notochordal tip close to the mammillary pouch). According to our
results, the progressive caudorostral patterning of the hypothalamic
region occurs between stages HH5 and 6, when the prechordal plate is
already located under the tuberal prosencephalic ﬂoor region. The
ablation of the notochord at these stages does not affect the
ventralization of the prospective hypothalamic region.
More detailed examination at early stages of development of the
changing spatiotemporal relationship between the neural plate (and
its fate mapped regional components) and the subjacent prechordal
plate is needed to further illuminate the interactions occurring
between these tissues.
Another possibility that may be discussed is that the caudorostral
patterning of prospective hypothalamic cells is related with the
duration of the effective contact with the prechordal plate. In this
sense, Shimamura and Rubenstein (1997) showed that extended
contact between prechordal plate and forebrain explants in themouse
provokes Nkx2.1 induction in the basal forebrain, with a clear
relationship between the strength of the inductive effect and the
time extent of mutual contact.
The two main gene candidates proposed to control hypothalamic
patterning are Shh and Nodal, both of which are expressed in the
prechordal plate at early stages of development (Patten et al., 2003;
López-Sáchez et al., 2005); their lack of function is implicated (among
others) in the holoprosencephalic phenotype (Roessler and Muenke,
2001; Hayhurst and McConnell, 2003). A crucial effect of Shh on CNS
ventralization is well known (Ericson et al., 1996; Marti et al., 1995b;
Patten et al., 2003; Roelink et al., 1994). On the other hand, the
function of Nodal in the induction of hypothalamic structures in the
brain of amniotes is not clear yet. Mice lacking Nodal function display
holoprosencephaly (Lowe et al., 2001). Patten et al. (2003) observed
that during the early induction of “area a” by the prechordal plate,
Nodal and Shh signals are needed in a cooperative way. On the other
hand, the role of Nodal in the induction and patterning of the
hypothalamic region in zebraﬁsh is evident (Mathieu et al., 2002).
Here Nodal signaling from the prechordal plate is essential for
hypothalamic induction. In the ulterior process of hypothalamic
regionalization, Nodal signaling is required for establishment of
posterior-ventral hypothalamus identity, in contrast with Hedgehog
signaling, which limits the expansion of posterior-ventral hypothala-
mus and promotes development of anterior-dorsal hypothalamic
domains (Mathieu et al., 2002). If we compare with our results in the
chick, we can establish some similarities: when we ablate the
prechordal plate at stage HH4+, we lose the entire hypothalamus
(presumably not enough Nodal or Shh signal to induce this domain).
Later ablation of the prechordal plate between stages HH5–5+ allows
some Nodal and Shh signals to act upon the forebrain ﬂoor to induce
an hypothalamus, but only a posterior-ventral identity is obtained
(mammillary pouch). This experiment probably eliminates the Shh
source needed to specify an anterior-dorsal hypothalamic domain of
the rostral hypothalamus. The alternative source of Shh signal from
the notochord at these stages (HH5–HH5+) may be too far to specify
the rostral hypothalamic area, which therefore seems to require
prechordal signaling during these stages.
The Bmp7 gene has been implicated also in the patterning of the
hypothalamic region (Dale et al., 1997; 1999), though the effect of the
BMP7 protein secreted from the prechordal plate over the rostral
midline ventral cells of the CNS appears to begin later (at stages HH7–
8) than the stages at which we obtain prechordal inductive effects
upon the mammillary complex.
These diverse correlations support the possibility that caudorostral
patterning of the prospective hypothalamic area, including speciﬁca-
tion of a mammillary domain, may be underpined both by relatedcaudal to rostral migration of the inducing mesendodermal tissue
under the mentioned region and with the varying duration of the
effect triggered by morphogens secreted by the prechordal plate.
Inductive effects stemming from the prechordal plate upon the
Nkx2.1-expressing cells in the basal telencephalon
Nkx2.1 is usually expressed in the chicken pallidal primordium
from stage HH13 to 14 onwards (Pera and Kessel, 1998; Crossley et al.,
2001; Puelles, unpublished observations). Gunhaga et al. (2000)
concluded that a signal stemming directly from Hensen's node at
stage HH4 is sufﬁcient for the initial speciﬁcation of subsequently
committed Nkx2.1-expressing cells in telencephalic explants, as well
as for induction of other pallidal markers. Clearly, this result would
predict that prechordal plate ablations after stage HH4 or HH5 should
not disrupt Nkx2.1 expression in the subpallium. However, our
embryos with early prechordal plate ablations at stages HH4+, HH5
and HH5+ lacked any Nkx2.1 positive cell populations in the
subpallium at stages HH14–17. The telencephalic Nkx2.1 population
was only obtained after prechordal ablations at stage HH6.
Ericson et al. (1995) attributed the induction of Nkx2.1 transcripts
in the basal telencephalon to instructive signals stemming from the
forebrain ﬂoor plate. In the present work, embryos that underwent
prechordal plate ablation at stage HH5+ showed a normal Nkx2.1 and
Shh pattern in the hypothalamus, but still Nkx2.1 RNA-transcripts
were lacking in the basal telencephalon. Since the time-span between
the stages HH5+ and HH6 is rather short, this result is not consistent
with the Ericson et al.' (1995) hypothesis, particularly because our
extended survival times should have allowed for the proposed
hypothalamo-telencephalic inducing effect to take place, if the tuberal
hypothalamus is correctly speciﬁed after HH5+. This is consistent with
Gunhaga et al.'s (2000) explant results in which antibody blocking of
the ventralizing Shh signal was effective between stages HH4 and
HH6, but seems contradictory with Muhr et al.'s (1999) and Gunhaga
et al.'s (2000) own results with induction of Nkx2.1 in ectodermal
neural explants deprived of mesoderm and Hensen's node inﬂuence
from stage HH4 onwards. Differences in staging criteria, the efﬁciency
of mesoderm deletion, or in the culture of explants versus modiﬁed
New culture may account for this discrepancy. Even in the case that
the tuberal hypothalamic area is only fully speciﬁed around HH6 (i.e.,
becomes independent of further prechordal signaling and able to
serve itself as a signaling source), secondary induction through it of a
Nkx2.1-positive subpallial domain (Ericson et al., 1995) would need
establishment of a new secondary signaling center capable to act
across a sizeable distance. Alternatively, Crossley et al. (2001) reported
an expansion of the primary Fgf8 expression domain at the anterior
neural ridge into the chiasmatic and optic stalk areas between stages
HH12–14. This correlates temporally with the period in which the
basal telencephalon acquires Nkx2.1 character. Storm et al., (2006)
showed that reduction of the Fgf8 dose in mouse embryos leads to
reduction in Nkx2.1 expression in the telencephalic subpallium. These
considerations suggest that the subpallial domain expressing Nkx2.1
can be most parsimoniously explained either by primary signaling
from prechordal plate cells, which may come to underlie this territory
after they move past the basal hypothalamus, or by Fgf8 signaling
from the expanded anterior neural ridge signaling center (Crossley et
al., 2001; Shimamura and Rubenstein, 1997). We conjecture this
occurs independently from earlier ventralizing phenomena caused by
the prechordal plate in the hypothalamus.
In zebraﬁsh, there is an important role of Nodal signaling for
development of the rostroventral telencephalic area at gastrulation
stages (Rohr et al., 2001). As we mentioned before, in the chick, there
is an early source of Nodal signal in the prechordal plate during
gastrulation, but this molecule is absent in themore caudal notochord.
This result reinforces the idea of a late patterning effect of the
prechordal plate upon the telencephalic subpallium.
376 E. García-Calero et al. / Developmental Biology 320 (2008) 366–377In summary, our observations indicate that an inducing effect
emanated from the prechordal plate is needed between stages HH4+
and HH6 in order to obtain a correctly ventralized and regionalized
tegmental hypothalamus (DV: basal and ﬂoor plates; AP: tuberal and
mammillary regions). This pattern becomes temporally speciﬁed in a
topographic caudorostral sequence involving as well the earlier
speciﬁcation of diencephalic tegmentum. The prechordal plate is
probably not the sole organizer of the rostral forebrain, but is essential
for ventralization (development of hypothalamic basal and ﬂoor plate
domains), tubero-mammillary differential speciﬁcation and induction
of the preopto-pallido-septal molecular identity of a part of the
subpallium. Present results indicate that the head process and the
notochord apparently have only secondary roles in hypothalamic
forebrain patterning.
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